Small vessel (SV) and large vessel (LV) brain infarcts are distinct pathologies. Using a homebound elderly sample, the numbers of either infarct subtypes were similar between those apolipoprotein E4 allele (ApoE4) carriers (n ¼ 80) and noncarriers (n ¼ 243). We found that the higher the number of SV infarcts, but not LV infarcts, a participant had, the higher the activity of substrate V degradation in serum especially among ApoE4 carriers (b ¼ þ0.154, SE ¼ 0.031, P < .0001) after adjusting for the confounders. Since substrate V degradation could be mediated by insulin-degrading enzyme (IDE) or/and angiotensin-converting enzyme (ACE), but no relationship was found between SV infarcts and specific ACE activities, blood IDE may be a useful biomarker to distinguish the brain infarct subtypes. Insulin-degrading enzyme in blood may also imply an important biomarker and a pathological event in Alzheimer disease through SV infarcts in the presence of ApoE4.
Introduction
Small vessel (SV) and large vessel (LV) infarcts have different locations in the brain and are believed to represent distinctive pathological processes. 1 Small vessel infarcts are caused by lipohyalinosis of small subcortical vessels and are generally related to chronic hypertension, and LV infarcts are usually caused by LV stenosis, artery-to-artery or cardiac embolism, and hemodynamic mechanisms. 2 Despite the distinction in the brain locations and infarct size, there is a lack of studies examining the blood biochemistry or biomarkers of individual infarct subtypes.
Apolipoprotein E4 allele (ApoE4) is a genetic risk factor for both Alzheimer disease (AD) and vascular diseases including stroke, diabetes, hypertension, and atherosclerosis. 3, 4 Apolipoprotein E4 allele facilitates the formation of cerebral amyloid angiopathy (CAA) in patients with AD 5, 6 and in the amyloid precursor protein (APP) transgenic mice. 7 A probable etiology for cerebral infarcts is through the deposits of amyloid-b peptide (Ab) in cerebrovasculature to form CAA. 8, 9 Both insulin-degrading enzyme (IDE) and angiotensin-converting enzyme (ACE) are involved in the vascular pathology and mediate the degradation of Ab, the major component of AD pathology and CAA. 10, 11 Using fluorogenic substrate V, which is a substrate of both IDE and ACE, our recent study has demonstrated the existence of IDE and ACE in human serum. 12 The goal of this study was to examine the association between brain infarct subtypes determined by MRI and the biomarkers including ApoE4 allele, substrate V degradation, and ACE-specific activities in a cross-sectional homebound elderly population.
Methods

Study Sample
We studied a subgroup of 341 from a population based study, the nutrition, aging, and memory in the elderly (NAME) study. 13 These subjects underwent clinical evaluation by physicians and had a brain magnetic resonance imaging (MRI) in the hospital. The NAME study was based on the clients of 4 home care agencies in the city of Boston. Anyone receiving home care services is registered with 1 of these agencies, if he or she lives in the city of Boston, has an annual income <$18 890, and needs home care service. All homebound elderly individuals aged 60 and older receiving services from these agencies were invited to participate in the study. Of all eligible participants, 66% enrolled in the study and gave informed consent approved by the Institutional Review Board of Tufts University New England Medical Center. 14 Those with Mini-Mental State Examination (MMSE) <10 or verbal IQ <75 were not eligible to continue in the study. In total, 1262 participants completed the demographic and neuropsychological evaluation during the home visits and were asked whether they would be willing to participate in the second phase of the study, which involved going to the hospital and undergoing examination by the physicians and undergoing a brain MRI. The data of participants who came to the hospital were compatible with the whole study sample. 13 
Brain Magnetic Resonance Imaging
Magnetic resonance imaging scans were performed on a 1.5 T magnet (Siemens' Symphony; Islin, New Jersey). All participants had the following imaging protocol: (1) Intermediate and T2-weighted conventional spin-echo axial images, (2) fluid attenuation inversion recovery (FLAIR) axial images, and (3) magnetization prepared rapid acquisition gradient echo (MPRAGE) coronal 3D images with a section thickness of 1.5 mm. 15 All MRI scans were evaluated by a board-certified neuroradiologist for the presence and number of brain infarcts. Large vessel infarcts were defined as infarcts in a major vascular territory or subcortical infarcts larger than 1.5cm in size. 15 An infarct of any size in a cortical location was considered to be a manifestation of LV disease. 16 Small vessel infarcts were defined as a focal subcortical brain lesion between 3 mm and 1.5cm in size, hyperintense on T2-weighted images, and hypointense on T1-weighted images ( Figure 1 ). 17 is a synthetic short peptide, that serves as a substrate for IDE and ACE in serum 12 and becomes fluorogenic after being degraded. To characterize the protease activity in human serum, we used 10 mmol/L fluorogenic substrate V to incubate with different amounts of serum in the presence of phosphate-buffered saline (PBS) at 37 C for various periods of time. Fluorometry with excitation at 320 nm and emission at 405 nm was used to measure the fluorescent intensity, and the relative fluorencent units (RFU) was indicated. To prove that this substrate V assay could be used to evaluate Ab degradation mediated by these proteases, we preincubated serum with 10ng/mL synthetic Ab1-40 at 37 C for 3 hours followed by adding substrate V and the continuation of incubation to examine the inhibition of substrate V degradation by Ab. . Large vessel infarcts and small vessel infarcts. A large vessel infarct was defined as an infarct in a vascular territory extending to the cortex or a subcortical infarct larger than 1.5 cm in size. Large vessel infarcts in left frontal and parietal regions are illustrated by arrows (A). A small vessel infarct was defined as an infarct in subcortical region which is high signal on T2-weighted (B) and low signal on T1-weighted images (C) and was between 3 mm and 1.5 cm in size. A small vessel infarct in the left periventricular white matter is illustrated by arrows (B and C). reaction (PCR) using a robotic Thermal Cycler (ABI 877, Perkin-Elmer/Applied Biosystems, Bedford, MA, USA), using oligonucleotide primers F4 (5 0 -ACAGAATTCGCCCC GGCCTGGTACAC-3 0 ) and F6 (5 0 -TAAGCTTGGCACGG CTGTCCAAGGA-3 0 ). The PCR products were digested with 5 units of Hha I and the fragments were separated by electrophoresis on 8% polyacrylamide nondenaturing gel. The specific allelic fragments were E2, E3, and E4. Apolipoprotein E4 allele was defined by E4/4, E3/4, or E2/4. 18 The sandwich Ab enzyme-linked immunosobent assay (ELISA) was used to measure plasma Ab40 and Ab42 19, 20 with some modifications. In brief, NUNC Maxisorb immunoassay plates were coated with 0.3 mg/well of 2G3 (anti-Ab40) and 21F12 (anti-Ab42) antibodies individually in PBS overnight at 4 C. Plates were subsequently blocked with Block ACE (Serotec Ltd, Raleigh, NC, USA) for 2 hours at room temperature. The plates were briefly washed with PBS-Tween (PBS-T). Samples were loaded on the plates and incubated overnight at 4 C. After washing the plates with PBS-T twice, they were then incubated with a biotinylated monoclonal anti-N terminus Ab antibody (3D6B) for 2 hours. Then, Streptavidin-conjugated alkaline phosphatase (Promega, Madison, WI, USA) was added and incubated for another 1.5 hours. Finally, signal was amplified by adding 100 mL alkaline phosphatase fluorescent substrate (Promega) into each well. Fluorescence was measured with excitation at 444 nm and emission at 555 nm (VIC-TOR3, Perkin-Elmer). Detection limits were 3.125 pg/mg for both Ab 1-40 and 1-42.
Characterizing Proteases Activities Mediating Ab Degradation in Human Serum
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ApoE Genotyping and Plasma Ab Measurments
Clinical Diagnoses of Dementia
The diagnosis of dementia was based on the Diagnostic and Statistical Manual Manual of Mental Disorders (Fourth Edition; DSM-IV) criteria. The National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) guidelines 21 were used to determine whether the criteria were met for a diagnosis of possible or probable AD. Possible AD was marked by differences in clinical features and course in addition to the MRI imaging data so that the etiology of dementia is not certain for AD compared with probable AD. We combined possible and probable AD to the AD category in this study. Vascular dementia was defined as having dementia after a clinical history of stroke. Body mass index (BMI) was measured and calculated as body mass (in kg) divided by the squared height (in m 2 ).
Statistical Analysis
Statistical analysis was performed using SAS (version 9.1). Participants were divided according to absence or presence of infarct subtypes or categorized according to the number of infarct subtype: absence of infarct (0), 1 infarct (1), and more than 1 infarct (2). Mean + standard deviation (SD) and t test or analysis of variance (ANOVA) were used for the variables with a normal distribution, and median (Q1, Q3) and Wilcoxon rank sum test or Kurskal-Wallis test were used for the variables with a skewed distribution. The chi-square test was used to compare proportions for binary end points. Linear regression was used to examine the associations between substrate V degradation as an outcome and the infarct subtypes or the interaction between a infarct subtype and ApoE4 allele while adjusting for potential confounders including age, gender, and BMI. For all analyses, the 2-sided significant level of .05 was used.
Results
A total of 323 homebound elderly individuals from the NAME study were used for this study analysis. These participants came to the hospital to have a brain MRI and had the data on the brain infarct subtypes and the ApoE4 allele. 13 In total, 8% (n ¼ 27) had LV infarcts, 18% (n ¼ 60) had SV infarcts, and 2% (n ¼ 8) had both LV and SV infarcts on brain MRI (Figure 1 ). The average age of this study sample was 73.3 + 8.3 (mean + SD) years old, and 73% were females. The sample was multiethnic with 62% white, 35% African American, and 3% other ethnicities. In total, 76% of the participants completed a high school education or above.
Of the homebound elderly individuals, 25% participants were ApoE4 carriers (n ¼ 80). We first examined whether there was an association between ApoE4 allele and the infarct subtypes. Table 1 shows that there were no differences in the demographic information except ethnicity between those with and without ApoE4 allele. The numbers of cases with either infarct subtypes in addition to the peripheral vascular diseases including cardiovascular disease, diabetes, and hypertension in those with and without ApoE4 allele did not show statistical differences. We compared the serum activities of Ab-degrading proteases between the ApoE4 carriers and ApoE4 noncarriers. Again, there were no differences of substrate V degradation, ACE N-domain, and ACE C-domain activities between the presence and the absence of ApoE4.
We then studied whether there were associations between the infarct subtypes and the Ab-degrading activities in blood. Using the multivariate linear regression model, serum substrate V degradation as an outcome was positively associated with the number of SV infarcts (b ¼ þ.031, SE ¼ 0.013, P ¼ .02), but not with the number of LV infarcts, after adjusting for age, sex, ethnicity, BMI, and the ApoE4 allele ( Table 2 ). Adding the vascular diseases into the model did not affect these relationships (Model II). Although there were high percentages of diabetes (32%), taking aspirin (42%) and statin (45%) in the homebound elderly population, these variables were not associated with substrate V degradation and did not affect the relationship between SV infarcts and substrate V degradation in serum (data not shown).
Further, we found that serum substrate V degradation as an outcome was significantly associated with the interaction between ApoE4 and the number of SV infarcts (b ¼ þ.158, SE ¼ 0.034, P < .0001; (model III in Table 2 ), but not the interaction between ApoE4 and the number of LV infarcts (data not shown). Consistently, the association between increased substrate V degradation and the number of SV infarcts was only found among the ApoE4 carriers (b ¼ þ.154, SE ¼ 0.031, P < .0001), but not among the ApoE4 noncarriers (b ¼ þ.001, SE ¼ 0.014, P ¼ .94; Table 3 ). In the presence of ApoE4, the higher the number of SV infarcts, the higher the average serum activity of substrate V degradation (Mean + SD: no SV infarct ¼ 0.90 + 0.14, 1 SV infarct ¼ 0.99 + 0.09, and more than 1 SV infarct ¼ 1.67 + 0.35, P ¼ .004; Table 4 ). In the absence of ApoE4, there was no difference in substrate V degradation between those with and without SV infarcts. When ACE N-terminal-and C-terminal-specific substrates were also used, we did not find any associations between the ACE activities and SV infarcts regardless of the ApoE4 genotype.
Discussion
Large vessel and SVinfarcts are different pathologies in the brain, and our study was aimed to search for the biomarkers to distinguish these 2 cerebrovascular subtypes. While we did not find any relationship between ApoE alleles and either infarct subtype, using substrate V we found that the activity of serum Ab-degrading proteases was associated with SV infarcts only in the presence of ApoE4. Both IDE and ACE in serum can degrade substrate V 12 ; however, using ACEspecific substrates the serum ACE activities were not in association with SV infarcts. Thus, our data suggest that serum IDE, but not ACE, could be a biomarker for SV infarct in the brain and may suggest some pathological process in AD. Insulin-degrading enzyme 22, 23 degrades Ab, the major component of AD pathology and the cerebrovascular lesion CAA 5, 6 Small vessel infarct pathology might have reactively increased IDE activity in serum (Table 2) . Consistently, CAA is not frequently observed in subcortical vessels where an SV infarct is located 24, 25 but often seen in leptomeningeal and cortical arteries. The Ab1-40, which has vascular toxicity, 3, 7, [26] [27] [28] is a major substrate of IDE, and the impared Ab clearance by IDE is thought to lead to its accumulation in the vessel wall to cause CAA. 6, [29] [30] [31] Despite that ACE 32,33 also degrades Ab, and 1 study shows that mean plasma ACE is elevated in multiple lacunar infarction, 34 our study did not find any relationship between serum ACE activity and either infarct subytpes in the brain (Table 4 ). This might be explained by the common usage of ACE inhibitor in the elderly individuals (Table 1) .
Apolipoprotein E4 allele is the major risk factor of late onset AD. 35 The association between SV infarcts and increased IDE Ab-degrading activities only among the ApoE4 carriers (Table 4 ) may imply an importan pathological event in AD. Vascular diseases including stroke, diabetes, hypertension, and atherosclerosis increase the risk of AD. 36 The APP transgenic mice have increased susceptibility to ischemic brain damage. 37 It has been shown that the APP transgenic mice when in the background of ApoE knockout present with significantly increased ischemic volume 38 and reduce the formation of CAA 38 compared to the APP transgenic mice in the presence of ApoE. Apolipoprotein E4 allele favors the formation of CAA compared with ApoE3 7 and is the major genetic risk factor of AD through enhancing Ab aggregation and inhibiting Ab degradation. 24 Cross-sectionally, we did not find a difference in AD rates between those with LV and SV infarcts; however, both LV and SV infarcts have been reported to be associated with AD in the longitudinal study. 39 This study has limitations. Without a longitudinal study, we cannot conclude that this assay can show a causal relationship between cerebral infarct subtypes and substrate V degradation. We did not have direct evidence that IDE degraded substrate V is associated with SV infarcts and also could not relate either infarct subtype with CAA in this study. Nevertheless, we found that Ab catabolism by IDE in blood illustrated by substrate V degradation may be a differential biomarker for cerebral infarct subtypes. It is possible that different cerebral pathologies, LV and SV infarcts, induce Ab-degrading proteases differently in the presence of ApoE4. Our findings warrant prospective studies to examine whether peripheral substrate V degradation specifically mediated by IDE is related to each brain pathology, and predicts the onset of cognitive decline in this and other populations.
Conclusions
Small vessel infarcts, but not LV infarcts, were positively associated with substrate V degradation especially in the presence of ApoE4. As ApoE4 is the major risk factor of AD, IDE in blood may imply an important biomarker and a pathological event in AD through SV infarcts in the presence of ApoE4.
